Cracks appeared on the northern batter at Maddingley Brown Coal Open Pit Mine, Victoria, Australia, on 8 November 2013 and a 2-day rainfall event happened 5 days later. This study models the stability of the northern batter considering the effect of the rainfall event and an emergency buttress using finite element method (FEM) encoded in Plaxis 3D. It is found that the batter tended to lead to block sliding after overburden removal. The observed vertical crack would be a combined action of the overburden removal and groundwater flow. The simulated location of cracks agrees well with the actual location, and the simulated heave of the coal seam is in good agreement with the experience in Victoria brown coal open pit mining. The rainfall accelerated the development of the cracks. With the construction of the emergency buttress, the batter became stable that is in good agreement with the monitored data.
Introduction
Up to 65% of coal production adopts surface or opencast mining in Australia (Scott et al. 2010) . Especially in Victoria, Australia, open pit mining is almost the only mining method to extract the huge quantity of reserved brown coal. Although open pit mining is generally away from the risks of mine roof collapses, gas explosion, and ventilation issues, slope failure is a big geotechnical problem. Slope failure can cause considerable environmental damage and loss of lives and properties. Failures were reported during the past decades in Victoria (Table 1) and it has become an inevitable problem in this area. The failure at Yallourn East Field Mine on 14 November 2007, the State government paid real attention to, which is a very large failure occurred in northeast batter of 80 m high, encompassed about six million cubic meters of material, was 500 m long (Mining Warden 2008) . Maddingley Brown Coal (MBC) open pit is a small-scale production and large-reserve mine, located 60 km northwest of Melbourne, Victoria, Australia. In 1994, tension cracks formed in the south corner of MBC and water from the surrounding Parwan Creek entered the mine through those cracks. Cracks reappeared on the northern batter at MBC on 8 November 2013.
Slope stability, as a classic geo-problem, has been studied by a large number of scholars. The studies normally aimed to find out the mechanism of slope instability or give an assessment of slope stability under certain conditions. Slope stability assessment is important for early risk identification. Though studying a slope stability problem comprehensively is challenging, numerous methods, such as laboratory test, field test, analytical, empirical, and numerical ones, have been involved by now. Numerical simulation methods characterized as powerful data processing capacity and user-friendly interface have become a popular way to solve such kind of problem, benefiting from the fast development of high-speed and low-cost computer. The limiting equilibrium method (LEM) and finite element method (FEM) are two common methods to analyze homogeneous and inhomogeneous slopes (Hammouri et al. 2008) , particularly the former had dominated over past decades due to its simplicity (Al Mandalawi et al. 2015) ; nevertheless, FEM is recognized as a more effective method to study slope problem nowadays, considering the advantage of FEM over LEM that no assumptions are needed to be made pre-analysis about the shape and location of the slope failure surface and geometry (Hammouri et al. 2008; Al Mandalawi et al. 2015; Ozbay and Cabalar 2015) . Over the past decade, a quickly developing FEM software, Plaxis, which adopts strength reduction method (ϕ-c reduction) to evaluate safety factor of slope, has been more and more used to analyze slope stability. Plaxis 2D has been proved as a convenient and mature way to study slope instability problems (Chandrasekaran et al. 2013; Maiorano et al. 2014; Djerbal and Melbouci 2015; Ozbay and Cabalar 2015; Vishal et al. 2015) . Benefiting from the popularization of high-performance computer, scholars have been attempting to apply the more powerful software Plaxis 3D to analyze slope stability in recent years. Chang and Huang (2015) studied the effect of heavy rainfall on a deep-seated landslide located in central Taiwan through setting different groundwater levels to simulate the rainfall events using Plaxis 3D and found the landslide was induced by the heavy rainfalls. Jamsawang et al. (2015) used Plaxis 3D model to explain the failure mechanism of a drained canal slope during construction in Bangkok and revealed that the canal suffered an undrained creep failure caused by a delay in construction. The study verified the effectiveness of berm as a remedial measure to increase the stability of the canal slope. Three different slope stabilization methods for supporting a slope adjacent to an intercity road construction in Bartin, Turkey, were investigated and compared in threedimensional perspective using Plaxis 3D by Usluogullari et al. (2016) . Wang et al. (2017) established 3D models using Plaxis 3D to investigate the stability variation of a large slope located in the Wenchuan earthquake-stricken area during a 6-day rainfall, and found that the prolonged rainfall would cause the slope to approach failure state. Compared with 2D analysis of slope stability, the 3D numerical simulation enables 3D visualization and details of slide mechanism and sliding volume, and it is also able to disclose the features that cannot be revealed by 2D analysis (Chang and Huang 2015) . When studying the stability of slope, detailed surface topography is important, and 3D model provides more detailed topology than 2D (Wang et al. 2017) .
The characters and properties of Victorian brown coal were studied by scholars over the past half century. Victorian brown coal is high in organic content (> 90%), but low in hydraulic conductivity according to Durie (1991) , Liu et al. (2014) , and Xue and Tolooiyan (2012) . Unique consolidation behaviors such as large deformation, immediate settlement after loading, and An embankment failed during an extreme rainfall 2012 (Hepburn 2014) Morwell Open Cut Mine Rotational circular slip in overburden while block and wedge failures formed in brown coal (Learmonth 1985) Fig. 1 North batter coal face with the monitoring system established immediately after the observation of crack Fig. 2 Crack on the coal seam (looking towards west) low permeability were shown in one dimensional consolidation tests conducted by Liu et al. (2016) . The strength of Victorian brown coal is between normal engineering soils and rocks. And the average undrained shear strength of brown coal is between 550 and 1100 kPa reported by Rosengren (1961) and Trollope et al. (1965) . From Tolooiyan et al. (2014) , the average tensile strength of the brown coal sample is 101.4 kPa from direct tensile tests and is 112 kPa based on the Brazilian test. The slope instability in Victorian brown coal open pit is a much complex question, as the problem is caused by many combined factors. According to Learmonth (1985) , the dip and strength of weak seams beneath coal, the orientation of joints, high level underground water, and water pressure in joints were believed as the main reasons to cause slope failure in Victorian brown coal open pits. Previous studies on slope instability problem in Victorian brown coal were mainly based on theoretical analysis (Newcomb et al. 1988; Washusen and Fraser 1982; Xue and Tolooiyan 2012) . There is considerable space to study it further using a 3D numerical simulation method. Thus, this paper adopted Plaxis 3D to investigate the slope instability of a Victorian brown coal open pit after overburden removal, and the numerical simulation coupled with different rainfall intensity and underground water flow, aiming to get some fresh viewpoints resulted from the 3D numerical simulation.
Field investigation

Cracks investigation
The northern batter of MBC had been stable for many decades without any mining activities until in the early 2013 when the overburden stripping activities commenced. The overburden was stripped ahead of the northwards coal mining. The north coal batter was approximately 25 m high in a single bench, at a slope angle > 80°. There was an old 5 m high toe buttress (brown coal) providing support to the bench at the western end of the coal bench (Fig. 1) . On 8 November 2013, east-west striking cracks were observed on the top of coal seam approximately 20 m from the crest of the coal face. The opening of the cracks varied from trace to 150 mm wide at about 20 m back from the coal face and extended for approximately 50 m on the eastern side and terminated 10 m away from the access road on the eastern side (Fig. 2) .
Rainfall event
Five days later after the observation of cracks, a heavy rainfall event lasting for 2 days happened on MBC. The precipitation was about average 21 mm on 13 Nov and 7.6 mm on 14 Nov based on the recorded data of the nearest bureau stations of Merrimu Reservoir, Melton, and Melton Reservoir (Australian Government Bureau of Meteorology 2013). The cracks were inspected after the rainfall event. The aperture was wider in the east than in the west. The less horizontal movement in the west would benefit from the toe buttress (Fig. 1) .
Emergency buttress
To improve the stability of the batter, construction of an emergency buttress commenced immediately after the inspection of cracks and was completed on 13 February 2014. The two-level emergency buttress comprised an approximately 12 m high earth fill, extending out approximately 40 m from the face. The dimensions of the buttress are shown in Fig. 3 .
In situ monitoring
A number of survey markers were installed on north batter on 19 November 2013 (Fig. 1) to monitor the displacements of the batter. This monitoring result was reported weekly till the (Fig.  7) . To obtain an accurate result of simulation, the whole model was meshed as very fine element distribution and the batter part was refined meshed. Parameters adopted for different layers were from technical reports of MBC, involved in direct shear tests, triaxial tests, and permeability tests. The groundwater table was set at RL 91 m in the north and at RL 60 m at the pit bottom; the water flow direction was from north to south (from the north batter to the pit bottom). Table 2 lists the soil properties adopted in this study.
Simulation design
The main purpose of this numerical simulation is to study the stability of northern batter of MBC under the conditions of overburden removal, rainfall, and buttress construction. Five stages including 11 calculation phases are included in the numerical simulation design (Fig. 8) . The initial phase defined by gravity loading is to simulate the initial state of northern batter that had been stable for decades without any mining activity, and followed by a nilstep phase and a safety analysis phase. Nil-step is a normal plastic calculation designed after the initial phase, with the purpose of rebalancing the existing out-of-balance stress generated by the gravity loading of initial phase.
Stage 2
This stage is designed to simulate the effect of overburden removal on batter stability. It includes a plastic calculation phase and a safety analysis phase.
Stage 3
This stage is to illustrate how the 21 mm rainfall event on 13 Nov 2013 affected the crack development and the batter stability. The calculation type of rainfall phase is fully coupled flow-deformation; time interval is set as 1 day and precipitation intensity is 21 mm/day. A phase of safety analysis follows this rainfall phase.
Stage 4
Similar to stage 3, this stage is to simulate a 7.6 mm precipitation on 14 Nov 2013 on northern batter. One day of time interval and 7.6 mm/day of precipitation intensity are set. It also includes a safety analysis phase. This stage is to simulate the effect of the emergency buttress construction. A safety analysis phase is included in this stage.
Results and discussion
The coal seam model after overburden removal (Stage 2) was likely to slide as a block while the critical path of potential batter instability of the initial model (Stage 1) tended to be circular. The calculated safety factors were 1.38 and 1.17 for stage 1 and stage 2 respectively. After the overburden removal, the incremental Cartesian normal strain of stage 2 in the yy direction, e.g., Δε yy , was between 0.04 and 0.06 on top and bottom of the coal seam in the model of stage 2 (Fig. 9) . It might be inferred that the top coal seam experienced tensile failure at the location of about 20 m from the crest at stage 2 as the range of tensile strain limit for Victorian brown coal is between 0.005 and 0.01 reported by Tolooiyan et al. (2014) The safety factor dropped from 1.17 to 1.13 after a 26 mm rainfall event on 13 November 2013 (stage 3) while it increased to 1.14 after the 7.6 mm rainfall the following day (stage 4). Along the sliding path, the incremental deviatoric strain generated at stage 3 (0.3 to 0.5) (Fig. 10a) was larger than that at stage 4 (0.1 to 0.2) (Fig. 10b) . From Fig. 11 and Fig. 12 , both incremental displacement (1.0 to 1.2) and incremental Cartesian strain (about 0.4) generated along the sliding path at stage 3 are larger than those at stage 4 (0.4 to 0.6 and about 0.2, respectively). From these simulated results, rainfall can accelerate the development of the cracks; especially, the higher than 1.13 at stage 3 and higher than 1.38 at the initial stage. The batter is believed in a stable state at stage 5 with the support of buttress. Also, the monitored data in terms of northwards displacement (Fig. 4) and eastwards movements (Fig.  5) evidenced that the movement of the cracks had been controlled with the construction of buttress; the minor fluctuation of movements were caused by rainfall in February 2014. A fact that cannot be neglected is the possible existing joints in the coal seam. Steeply dipping tight joints filled with white clay were observed, and a prominent joint was observed at the Australia. The following conclusions are drawn from this study. 2. After the high intensity rainfall on 13 November 2013, the safety factor of north batter dropped from 1.17 to 1.13, but after a lower intensity rainfall in the following day, the safety factor increased to 1.14. The incremental displacement and incremental strain generated on the model after the 21 mm rainfall are larger than those on the model after the 7.6 mm rainfall. It suggests that a high intensity precipitation is more likely to cause a brown coal batter failure. 3. The emergency buttress effectively strengthened the stability of north batter, and the safety factor was increased to 1.43. There is no apparent incremental displacement or incremental strain on the batter model with buttress. 4. Plaxis 3D can effectively study the slope stability problem
in brown coal open pit mining that is coupled with the effect of rainfall and groundwater flow.
